In an effort to develop a quantitative ligand-binding model for the receptor tyrosine kinases, a pharmacophore search was first used to identify structural features that are common in two novel sets of 12 molecules of the 3-substituted indolin-2-ones and 19 compounds of the benzylidene malononitriles with low-to-high affinity for HER2, a kind of receptor tyrosine kinase. The common pharmacophore model based on these 31 compounds was used as a template to obtain the aligned molecular aggregate, which provided a good starting point for 3D-QSAR analysis of only the 19 benzylidene malononitriles. Two molecular field analysis (MFA) techniques, including CoMFA and CoMSIA, were used to derive the quantitative structure-activity relationships of the studied molecules. From the studied results, it was obvious that the 3D-QSAR models based on the pharmacophore alignment were superior to those based on the simple atom-by-atom fits. Considering the flexibility of the studied molecules and the difference between the active conformers and the energy-lowest conformers, the pharmacophore model can usually provide the common features for the flexible regions. Moreover, the best CoMSIA model based on the pharmacophore hypothesis gave good statistical measure from partial least-squares analysis (PLS) (q 2 ) 0.71), which was slightly better than the CoMFA one. Our study demonstrated that pharmacophore modeling and CoMSIA research could be effectively combined. Results obtained from both methods helped with understanding the specific activity of some compounds and designing new specific HER2 inhibitors.
INTRODUCTION
The human epidermal growth factor receptor-2 (HER2) proto-oncogene encodes a 185-kDa glycoprotein, often simply called the HER2 or c-erbB2 protein or receptor. HER2 plays a key role in one of the best studied growth factor receptor systems in breast cancer, the HER (or erbB, or type 1) tyrosine kinase receptor family. This family comprises four homologous epidermal growth factor (EGF) receptors: HER1 (EGFR/erbB1), HER2 (erbB2), HER3 (erbB3), and HER4 (erbB4). 1 Each of these receptors comprises an extracellular ligand-binding domain, a transmembrane lipophilic segment, and an intracellular protein kinase domain with a carboxyl terminal segment containing sites of phosphorylation or tyrosine residues. 2 Amplification of the HER2 gene has been found in about 30% of primary breast, ovary, and gastric carcinomas. 3 Survival rates and tumor aggressiveness can be directly correlated to the level of HER2 expression. In this regard, regulating the cellular signal transduction via inhibition of HER2 has been considered a promising way of controlling malignant tumors.
Recently, two groups of small molecules have been found to possess obvious inhibitory activity to HER2, including 19 compounds belonging to the benzylidene malononitrile family 4 and 12 compounds belonging to the 3-substituted indolin-2-one family. 5 Since no structure information is available about the inhibitors in complex with HER2 receptor, a ligand-based approach was implemented in an attempt to understand the important interactions necessary for ligand binding. Until now, however, studies on the pharmacophore modeling and the relationship between the chemical structures and the biological functions of these two kinds of compounds have never been reported. The first aim of the present research is to obtain the possible pharmacophore model based on these two groups of available compounds and to determine the possible important functional groups or chemical elements crucial for ligand binding. A further important role is to develop a QSAR model and take insight into the main intermolecular interactions involved in the HER2 inhibitions at the 3D-level. Moreover, in the current work we want to compare two alignment rules based on pharmacophore model and atom-by-atom fits. To reach our research objectives three modeling techniques have been used, including the pharmacophore modeling procedure implemented in the CATALYST 4.0, 6 the comparative molecular field analysis (CoMFA) and comparative molecular similarity indices analysis (CoMSIA) in the SYBYL 6.5 molecular simulations package. 7 CoMFA is a widely used technique for the study of quantitative structure-activity relationship (QSAR) at the 3-D level. Unlike the traditional 2D-QSAR methods, for example, the Hansch analysis, which relies on substituent parameters, CoMFA uses the active conformer and superposition rule for a set of molecules, supplied by pharmacophore mapping, to provide quantitative forecasts of potency. 8 CoMFA combines features of QSAR and pharmacophore mapping with insights gained from protein crystallography and theoretical investigations of intermolecular interactions. 9, 10 The 3D-QSAR model from a CoMFA procedure can be summarized into three steps as following: (1) The first, all investigated molecules are structure-based or field-based aligned. (2) Then, an evenly spaced, rectangular or circular grids are generated to enclose the molecule aggregate. A probe atom, e.g. sp 3 carbon with +1 or -1 charge, will be placed at every lattice point to measure the electrostatic or steric field by using molecular mechanics. (3) Last, the results from the field samplings combined with the biological activities from the tested compounds are put into a table, and the partial least-squares (PLS) is applied to get the final CoMFA model. Generally, a leave-one-out cross-validated r 2 (q 2 ) is used as a quantitative measure for a CoMFA model. The graphical representations of CoMFA results are indicated by the regions where the variation in steric and electrostatic properties of different molecules in a data set is correlated with the variation of biological activity.
Recently, another 3D-QSAR technique, comparative molecular similarity indices analysis [11] [12] [13] (CoMSIA), has been reported, which was devised to overcome the problems in CoMFA of very rapidly changing steric fields near the atomic nucleic and scaling the two fields for PLS analysis. In CoMSIA analysis, a distance-dependent Gaussian-type functional form has been introduced, which can avoid singularities at the atomic positions and the dramatic changes of potential energy for these grids in the proximity of the surface, thus no arbitrary definition of cutoff limits is required in CoMSIA. The result of CoMSIA is less allergic to the relative orientation of the aligned molecules respecting to the lattice, which is another well-known problem in CoMFA. Moreover, CoMSIA encodes hydrogen bonds and hydrophobic interactions those are not sufficiently described by the steric and electrostatic fields and includes also an entropy component. For these reasons, the CoMSIA methodology was selected as an appropriate tool to study the QSAR of tyrphostins.
COMPUTATIONAL DETAILS
In the present study, two groups of tyrosine kinase inhibitors with different structures, including 19 compounds belonging to the benzylidene malononitrile family and 12 compounds belonging to the 3-substituted indolin-2-one family, were investigated to generate the pharmacophore model. And then only the 19 benzylidene malononitriles were used to perform a 3D-QSAR study. The HER2 inhibitory activities were selected from the recently published reports. 4, 5 The log(1/C) (C represents IC 50 ) values were used to derive the 3D-QSAR models. The structures and inhibition activities of these 31 compounds are listed in Table 1 and Table 2 . All molecular simulations were accomplished in a Silicon Graphics Octane 2-CPU workstation.
Pharmacophore Modeling. All compounds were built in the CATALYST View Compound Workbench and optimized by using a CHARMm-like force field. 14 The CATALYST model treats molecular structures as templates consisting of strategically positioned chemical functions that will bind effectively with complementary functions on receptor. The biologically most important binding functions are deduced from a small set of compounds that cover a broad range of activity. In this paper, considering the relatively high flexibility of ligands under investigation, the conformational analyses are carried out with an energy window high enough to include the bioactive conformation. CATALYST automatically generated conformational models for each compound, using the Poling algorithm. 15, 16 Diverse conformational models for each compound were generated such that the conformers covered accessible conformational space defined within 20 kcal/mol of the estimated global minimum. The estimation of conformational energy was performed based on the CHARMm force field. CATALYST provides two types of conformational analysis: fast and best quality. The best option was used, specifying 250 as the maximum number of conformers. The molecules associated with their conformational models were submitted to CATALYST hypothesis generation. Hypothesis generation was performed in the CATALYST Hypothesis Generation Workbench using the generated conformers. Hypotheses approximating the pharmacophore were described as a set of features distributed within 3D space. In this paper, five kinds of surface-accessible functions were considered, including hydrogen bond acceptor (HBA), hydrogen bond donor (HDB), hydrophobic center (HP), aliphatic hydrophobic center (aliphatic HP), and aromatic hydrophobic center (aromatic HP). Furthermore, to emphasize the importance of an aromatic group of the studied molecules, aromatic ring (AR), which consists of directionality, was also included in the subsequent run. Considering the complexity of the studied molecules, the hypothesis generator was restricted to select only five or less features.
During a hypothesis generation run, CATALYST considers and discards many thousands of models. It attempts to minimize a score function consisting of two terms. One term penalizes the deviation between the estimated activities of the molecules in data set and their experimental values; the other term penalizes the complexity of the hypothesis. After assessing all generated hypotheses, the most plausible one is considered the best. Each hypothesis carries two regression lines which correlate the activity of each molecule with the geometric fit onto the pharmacophore model (activity estimation tool) and the estimated activities with the actual activities (correlation tool), the latter being useful to test the validity of each model. Molecular Alignment. However, for most studies, the reliability and efficiency of a CoMFA or CoMSIA analysis depend on the correct molecular alignment of the ligands. The user must perform a pharmacophore mapping study to select both a proposed bioactive conformer and a superposition rule. 17 It is naturally deduced that the pharmacophore model thus obtained provides a good starting point for CoMFA and CoMSIA studies. In CATALYST, the studied molecules were automatically superimposed on the best pharmacorphore model in the Generation Hypothesis Workbench. For each ligand, one aligned conformer based on the lowest RMS deviation of feature atom coordinates from those of the corresponding reference features was superimposed on the hypothesis. In the studying process, we found that the best alignment based on the lowest RMS sometimes was not the most appropriate for a subsequent CoMFA or CoMSIA analysis, and artificial adjustment was usually needed to get the reasonable alignment.
In most cases of the CoMFA or CoMSIA calculations, the alignment from the simple atom-by-atom fits may be the most widely used procedure. So a rigid alignment was applied to superimpose 19 compounds onto an unsubstituented template shown in Figure 3 using an atom-by-atom least-squares fit as implemented in the SYBYL FIT option, and compound 13 with the best biological activity was treated as the reference molecule. In Figure 3 , the atoms labeled with asterisks were selected as fit centers.
CoMFA and CoMSIA Calculations. In the present CoMSIA analyses, five kinds of physicochemical properties were evaluated, including steric contributions by the third power of the atomic radii, electrostatics by atomic Gasteiger charges, hydrophobicities by atom-based hydrophobic parameters, and hydrogen-bonding properties by suitably placed pseudoatoms, using a common probe with 1 Å radius, +1 charge, +1 hydrophobicity, and hydrogen-bond property of +1. The value of the attenuation factor a was defined as 0.3. A lattice of 2 Å was generated to surround the whole molecular aggregate. The dimensions of the surrounding lattice were selected with a sufficiently large margin () 4 Å) to enclose all aligned molecules.
To choose the appropriated components and check the statistical significance of the models, leave-one-out crossvalidations were used by the enhanced version of PLS, the SAMPLS method. 18 Then the final 3D-QSAR model is derived from the non-cross-validation calculations. The CoMSIA results were graphically interpreted by field contribution maps using the field type "stdev*coeff". The contour level was iteratively chosen to produce the best interpretable contour maps.
As a comparison, a conventional CoMFA was performed with the usually used steric and electrostatic fields imple- mented in SYBYL. The atomic Gasteiger charges were applied in the determination of the electrostatic field. All CoMFA calculations were performed with SYBYL standard setup (steric and electrostatic fields with Lennard-Jones and Coulomb-type potentials, dielectric constant 1/r, cutoff 30 kcal/mol) using an sp 3 carbon atom with a charge of +1.0. The extent and the orientation of the grids surrounding the tested molecules were the same as those in CoMSIA analysis, and the grid spacing was set to 2 Å.
RESULTS AND DISCUSSION
Pharmacophore Modeling. From the calculated results, it can be found that the best hypothesis bears good correlation with four features which include HBA, HBD, aliphatic HP, and aromatic HP. The HP features are drawn as globes. HBA and HBD features are shown by two globes due to the directional nature of these chemical functions. In Figure 1 , the good statistical significance of the model is indicated by the high correlation coefficient (r ) 0.956). The number of the active conformers and the predicted biological activities for the studied molecules are listed in Table 3 . Figure 2a depicts the most active conformation of compound 13 superimposed on the best hypothesis. It can be found that the hypothesis can be well mapped by the corresponding functional groups of compound 13. It seems that the hydrophobic interactions and the H-bond interactions are crucial to ligand binding. The methyl group on R 3 site linked to the benzene ring overlaps with the aliphatic HP feature, while the phenyl group on the R 2 site serves as an aromatic HP feature. The nitrile group of the benzylidene malononitrile family is represented as the HA feature. Moreover, the hydroxy group on the benzene ring of the core structure is also very important, which corresponds to the HB feature. In Figure 2b , the mapping of the most active conformation of compound 22 on the best hypothesis is represented. It is clear that compound 22 only possesses two features fitted on the best hypothesis. From the mappings of compounds on hypothesis, the quantity of the inhibitors can be qualitatively determined. For these compounds with good biological activities, they can produce good fits with all four features in the best hypothesis. While for those compounds with poor biological activity, they can only produce relatively good fits with two or three features. Table 3 shows that the active conformers of the studied molecules usually do not adopt the energy-lowest conformers. For all the 31 molecules, only compounds 2 and 30 prefer to the energy-lowest conformers, while the other compounds adopt higher energetic ones. The results are not surprising, because in drug-receptor recognition process, the conformations of receptor and ligands will be adjusted in order to gain excellent steric and energetic complementarity. In some cases, the ligands prefer the conformers with a bit higher energy. For example, compound 13 with the highest affinity for HER2 possesses 50 conformers, while the active conformer is not the energy-lowest one but conformer 4 whose energy is 16.3 kcal/mol.
CoMFA and CoMSIA Calculations. Undoubtedly, a modest quantitative performance can only be expected on a structurally diverse series of compounds. Considering the structural diversity between benzylidene malononitriles and 3-substituted indolin-2-ones, after having performed the pharmacophore modeling, only 19 benzylidene malononitriles were aligned according to the most representative hypothesis for CoMFA and CoMSIA calculations. For comparison, the molecular aggregate of the energy-lowest conformations from conformational analyses by using simple atom-by-atom fits was also treated as input for CoMFA and CoMSIA analyses.
(1) Alignment Based on the Pharmacophore Model. Just as described above, when we used the 31 compounds to perform pharmacophore search, a model with one hydrogen bond acceptor, one hydrogen bond donor, one aliphatic hydrophobic group, and one aromatic hydrophobic group was obtained. After that, we superimposed the 19 molecules of the benzylidene malononitrile family onto the pharmacophore model automatically by using the "Show selected compounds/ Mapping" tool in the CATALYST Hypothesis Generation Workbench. The automatically aligned molecules were saved and imported into SYBYL for CoMFA and CoMSIA analyses. Table 4 shows several CoMFA and CoMSIA models generated at 2.0 Å grid spacing using different field combinations. Using only steric and electrostatic fields, the CoMFA model is not good (q 2 ) 0.408). After considering the H-bond fields, the statistical significance of the obtained CoMFA model is decreased significantly. The CoMSIA model with the steric and electrostatic fields (q 2 ) 0.467) is obviously better than the CoMFA one. After considering the hydrophobic and H-bond fields, the values of q 2 of the CoMSIA models are decreased obviously.
It seems that the alignment is not perfect as superimposing only the active conformers automatically to the best hypothesis. If we carefully investigate the superimposition between the pharmocophore model and the studied compounds, we can find that for several compounds with relatively low biological activities, the best superimposed conformers searched by CATALYST are obvious not reasonable. Figure  4 shows the superimposition of compounds 13-19 on the best pharmacophore model. It is obvious that these seven compounds including other several compounds (not shown in Figure 4 ) can produce perfect mapping with the best hypothesis. From the chemical intuition, in the active site of receptor, the common core structures of benzylidene malononitriles should adopt similar orientation; that is to say, the other benzylidene malononitriles should adopt the similar orientation with compounds 13-19. Figure 5 shows the alignment of compounds 4 and 13 with the hypothesis. From Figure 5a , it is clear that the common structures of compounds 4 and 13 do not adopt a similar orientation. It is naturally deduced that the selected conformer by CATA-LYST of compound 4 possesses irrational space orientation and cannot be aligned to the pharmacophore model well. The reasons for the generation of the incorrect active conformer and the irrational pharmacophore alignment of compound 4 by CATALYST are not unreasonable. For CATALYST, all functional groups in a compound are equivalent. The CATALYST always attempts to find one conformer which can produce the best alignment with the pharmacophore model with lowest RMS value, and it does not consider any chemical restricts. So in some cases, the active conformer and pharmacophore mapping should be manually adjusted. In CATALYST, all possible alignments between all conformers and the pharmacophore model are provided. In the current work, for several compounds, the active conformers and the corresponding alignment were manually adjusted. In the adjusting process, two criteria were adopted. The first, the nitrile group and the hydroxy group on the benzene ring were superimposed or located near the HA and HD features in order to manually force all compounds to adopt similar space orientations. The second, the active conformer bears conformational energy as low as possible. While after being changed to another conformer manually, the space orientation of each compound is consistent, although the energy of the manually selected conformer may be higher than that of the conformer selected automatically. The adjustment provides a correct alignment rule for the subsequent 3D-QSAR study. Table 5 shows the energies of active conformers for the benzylidene malononitriles by manual selections. From this table, it can be found that the pharmacophore mappings of eight compounds were adjusted. We believe that after manual adjustment the 3D-QSAR would be surely more proper by substitution of some irrational conformers with more appropriate ones. From Table 5 we can find that the selected conformers of some molecules by hand are not the "bioactive conformers" evaluated by CATALYST although the latter possess lower energy.
The results of CoMFA and CoMSIA analyses using the pharmacophore-based alignment after manual adjustment are shown in Table 6 . Table 6 shows that CoMFA model with steric and electrostatic fields bears good statistical significance (q 2 ) 0.655). After the hydrogen bond acceptor and donor properties are added, the predictive power is decreased a little (q 2 ) 0.575). Similarily, the CoMSIA model using only steric and electrostatic fields is more acceptable than that added in hydrogen bond fields. It seems that the quantitative structure-activity relationships cannot be well illustrated by using both steric, electrostatic and hydrogen bond properties together. But when hydrophobic property is considered, the predictive power is increased greatly, which may be consistent with the pharmacophore model in which there are one aliphatic hydrophobic group and one aromatic hydrophobic group. The best 3D-QSAR is derived from using steric, electrostatic, hydrogen bond acceptor, and hydrophobic fields afforded by CoMSIA, which possesses the best predictive power (q 2 ) 0.710). From the comparison of these several PLS analyses results of different field combinations in Table 7 , it is likely that the properties are considered intercorrelated however in a complicated way. The intercorrelations of these numerically intensive grid fields are difficult to detect, so sometimes it is relatively very difficult to determine whether some kind of field is more important or not. The advantages of using four different fields of welldefined molecular properties have to be seen in the straightforward partitioning of these properties into spatial locations where they take a determining role on biological activity. The best CoMSIA model gives good statistical measure (q 2 ) 0.710 by using seven latent variables, non-crossvalidated r 2 ) 1.00, F ) 11689.361, SD ) 0.005).
Although the pharmacophore modeling and CoMFA technique have been developed for more than 10 years. But CoMFA based on pharmacophore model is really a new approach to 3D QSAR analysis. In the papers cited in "SCI" from 1989 to Dec 7, 2000, the total number of papers with the keyword "CoMFA" are more than 5000, but only 51 have both "CoMFA" and "pharmacophore". After careful examination, we found that only several papers were related with CoMFA base on pharmacophore model using DISCO, Apex-3D, or CATALYST software. [19] [20] [21] [22] [23] [24] [25] [26] We believe that the inherent withdraws of pharmacophore modeling may be the main reason for restricting the combined applications of these two techniques. First, for compounds with relatively low activity, a pharmcophore modeling technique such as CATA-LYST usually cannot produce good fitting with hypothesis. Second, pharmophore modeling cannot deal with these functional groups that are not included in the hypothesis. From the compounds studied in this paper, these two questions are also partly expressed. For example, for 19 benzylidene malononitriles, both of the R 1 and the R 2 groups in some compounds possess flexibility. From the experimental biological activities, the R 2 groups are obviously more important than the R 1 groups. Consequently, R 2 groups are revealed by the aromatic HP feature in the hypothesis, while the R 1 groups are not. The real space stretch of the flexible R 2 group can be perfectly treated by the best hypothesis, but the information from the flexible R 1 groups seems not to be directly revealed by the hypothesis. For these 19 benzylidene malononitriles, the conformations of R 1 groups are not crucial to ligand binding, and selection of the conformations with low energy is accepted. But to other kinds of compounds, the proper treatment of the flexible substituents not considered by the pharmacophore model may be very critical to the consequent 3D-QSAR analyses. For these groups of compounds, we mentioned above that some fittings between the hypothesis and several compounds with relatively low biological activities are obviously questionable, and manual adjustments should be needed. To our astonishment, it seems that the authors of these papers related to CoMFA based on the pharmacophore model did not care about these questions.
(2) Alignment Based on the Energy-Lowest Conformers. In many cases, the active conformers of the studied molecules cannot be easily determined, so we usually treat the energy-lowest conformers as the active conformers. In the current work, the CoMFA and CoMSIA calculations based on atom-by-atom fits of the energy-lowest conformers were also performed as comparative fashion.
In CATALYST, the energy-lowest conformers of the studied molecules from the conformational analyses could be determined. These energy-lowest conformers were imported into SYBYL for CoMFA and CoMSIA analyses. Using the energy-lowest conformers, we superimposed these 19 compounds onto the template compound 13 with atomby-atom least-squares fit. Figure 4 shows the plot of the aligned molecules within the grid box (grid spacing 2.0 Å) applied to generate the CoMFA and CoMSIA columns. Table 7 shows several CoMFA and CoMSIA models generated at 2.0 Å grid spacing using different field combinations. Obviously, using only steric and electrostatic fields, the 3D-QSAR model from CoMFA analysis is not very good (q 2 ) 0.529). After considering the hydrogen bond field, the predictive power of the CoMFA model (q 2 ) 0.472) is reduced apparently. The model from CoMSIA is also not satisfactory (q 2 ) 0.523) using only steric and electrostatic fields, which is comparative with that from CoMFA. After considering the H-bond fields, the quality of the CoMSIA model is improved a little (q 2 ) 0.542). After hydrophobic field is introduced in the CoMSIA analysis, the predictive power of the 3D-QSAR model (q 2 ) 0.558) is further increased, but it is still not very satisfactory. Obviously, simply using the energy-lowest conformer is unsuitable since the active conformer is often not the energy-lowest conformer, and by doing so the flexibility of compounds is inevitably overlooked. Thus it can be considered that the alignment based on the energy-lowest conformers is not Figure 6 . Superimposition of all compounds using the energylowest conformers by atom-by-atom fits.
acceptable, which can be approved further by Figure 4 . Although the core structures of these 19 compounds are forced to produce good fitting, the alignment of the flexible substituents on R 1 and R 2 groups are really not acceptable. CoMSIA Contour Maps. The results of CoMSIA are best interpreted as field graphics. These graphs show regions in the space around the molecules, where specific field interactions enhance or detract from the activity. A 3D steric and electrostatic fields graphs around the reference conformer of compound 13 are shown in Figure 7 . These two contour maps depict regions around the molecules where enhanced receptor binding affinity is associated with increasing (green) and decreasing (yellow) steric bulk and with increasing (red) and decreasing (blue) negative charge. The relative contribution of these steric factors is comparative with the electrostatic one (0.226 vs 0.195). The CoMSIA steric and electrostatic fields are consistent with the known structureactivity relationships for the benzylidene malononitriles from experimental data. For example, the green contour in the region around the R 3 group for this CoMSIA model indicates that the presence of bulky groups, such as the methyl group found in compounds [13] [14] [15] [16] [17] [18] [19] , is expected to enhance binding affinity, compared with the corresponding compounds with one hydrogen atom found in compounds 1-12. Consistent with the presence of the rather large yellow contour closely surrounding the R 1 group, enhanced binding affinity is shown for compounds [13] [14] [15] [16] [17] [18] [19] in which amino substitution appears close to the yellow contour, while diminished binding is found for compounds 1-12 in which bulky groups are substituted at the R 1 site. The position of two blue zones near the R 3 and R 1 groups indicate that the enhanced binding affinity is associated with decreasing negative charge groups such as methyl substitution and amino substitution found in compounds 13-19, respectively.
The map of hydrophobic properties indicates two very distinct hydrophobic favored sites colored with yellow ( Figure 8 ): one larger region near the R 2 group on the benzene ring and the other smaller one near the R 3 group connected with the oxygen atom, which means these groups with high hydrophobicity will be favorable to biological activity. It can be reasonably presumed that the benzene ring combined with these substituents on the R 2 site and the methyl group at the R 3 site can produce strong hydrophobic interaction with the receptor. From the faction of hydrophobic field, it is obvious that the hydrophobic interactions may be dominant for ligand binding. The hydrophobic contour map is perfectly consistent with the best pharmacophore model. Two hydrophobic favorable areas correspond to the aromatic HP feature located at the R 2 site and the aliphatic HP feature located at the R 3 site, respectively.
The graphical interpretation of the field contributions of the H-bond properties is shown in Figure 9 (the H-bond acceptor field). In principle, it should highlight areas beyond the ligands where putative hydrogen bond partners in the enzyme can form H-bonds that influence binding affinity significantly. Areas indicated by magenta contours cor- respond to regions where hydrogen bond acceptor substitutions at the ligands will increase biological activity. Areas encompassed by red isopleths should be avoided from hydrogen bond acceptors; otherwise reduced affinity can be expected. Two magenta isopleths in Figure 9 around the oxygen atom on amido connected with the R 1 group and the S atom in some R 2 substitutions on the benzene ring are indicated as favorable H-bond acceptor sites. From the fraction of the fields, it seems that the hydrogen bond acceptor field contributes less compared with the hydrophobic field.
CONCLUSIONS
This work demonstrated that the pharmacophore modeling and MFA technquies (CoMFA or CoMSIA) could be effectively combined. The best model identified by pharmacophore search served as suitable modes of superimposition for subsequent CoMFA and CoMSIA analyses. For comparison, a conventional superimposition based on the energy-lowest conformations was used to perform a 3D-QSAR research. And better results (higher q 2 values) were obtained by superimposing the molecules onto the pharmacophore model than onto the common structure used in the energy-lowest conformers. The CoMSIA model, with steric, electrostatic, hydrophobic, and hydrogen bond acceptor properties contributing simultaneously, was proven to be the best model (q 2 ) 0.710). Moreover, from our calculations, it can be found that the active conformers and the pharmacophore mapping automatically afforded by CATALYST are usually not the optimal ones. The manual adjustments are usually needed to obtain the best results.
As illustrated by the contour maps, our 3D-QSAR model, which is based on a homogeneous set of ligands, is expected to correctly predict affinities of structurally related compounds. These results will provide useful information in understanding the structural and chemical features of tyrphostins and in designing new potential compounds.
ACKNOWLEDGMENT
This project is supported by NCSF 29992590-2 and 29873003 of the People's Republic of China.
